Quasi-biennial oscillations (QBOs), with periods in the range 1-3 years, have been persistently observed in the geomagnetic field. They provide unique information on the mechanisms by which magnetospheric and ionospheric current systems are modulated on interannual timescales and are also of crucial importance in studies of rapid core field variations. In this paper, we document the global characteristics of the geomagnetic QBO, using ground-based data collected by geomagnetic observatories between 1985 and 2010, and reexamine the origin of the signals. Fast Fourier transform analysis of second-order derivatives of the geomagnetic X, Y, and Z components reveals salient QBO signals at periods of 1.3, 1.7, 2.2, 2.9, and 5.0 years, with the most prominent peak at 2.2 years. The signature of geomagnetic QBO is generally stronger in the X and Z components and with larger amplitudes on geomagnetically disturbed days. The amplitude of the QBO in the X component decreases from the equator to the poles, then shows a local maximum at subauroral and auroral zones. The QBO in the Z component enhances from low latitudes toward the polar regions. At high latitudes (poleward of 50°) the geomagnetic QBO exhibits stronger amplitudes during LT 00:00-06:00, depending strongly on the geomagnetic activity level, while at low latitudes the main effect is in the afternoon sector. These results indicate that the QBOs at low-to-middle latitudes and at high latitudes are influenced by different magnetospheric and ionospheric current systems. The characteristics of the multiple peaks in the QBO range are found to display similar latitudinal and local time distributions, suggesting that these oscillations are derived from a common source. The features, including the strong amplitudes seen on disturbed days and during postmidnight sectors, and the results from spherical harmonic analysis, verify that the majority of geomagnetic QBO is of external origin. We furthermore find a very high correlation between the geomagnetic QBO and the QBOs in solar wind speed and solar wind dynamic pressure. This suggests the geomagnetic QBO primarily originates from the current systems due to the solar wind-magnetosphere-ionosphere coupling process.
Introduction
Oscillations with periods in the range 1-3 years had been identified in a wide range of solar, geophysical, geomagnetic, and atmospheric observables and are collectively referred to as quasi-biennial oscillations or QBOs [see, e.g., Bazilevskaya et al., 2014; Baldwin et al., 2001; Sakurai, 1979; Reed et al., 1961 , Reed, 1965 Elias and Zossi de Artigas, 2008] . Here we focus our attention on signals with periods of 1-3 years observed in the geomagnetic field, which we refer to as the geomagnetic QBO. As we will discuss further below, this may comprise signals from several distinct physical processes, modulated by a common source.
The geomagnetic QBO was reported early by Kalinin [1954] in a study of the H, D, and Z field components. In another influential study, the QBO signals in ground-based observatory data from equator and high latitudes were analyzed in frequency domain [Stacey and Westcott, 1962] . Early studies on the QBO signals were mainly based on the spectral analysis. The geomagnetic QBO was confirmed in the time domain over 1900-1970, based on analysis of the observatory H components [Sugiura, 1976] . The existence of the QBO was also reported in the geomagnetic Sq field under the equatorial electrojet [Rao and Joseph, 1971] . By examining the temporal-spatial features, a westward progression of a quasi-biennial wave as well as an association between the equatorial electrojet and the QBO were confirmed. Olsen [1994] presented evidence of a 27 months (2.25 years) oscillation in the low-latitude geomagnetic daily variation. Fraser-Smith [1972] studied the spectrum of the geomagnetic activity index Ap and found several lines within the QBO period range (e.g., 1.09 years and 1.47 years). Similarly, Delouis and Mayaud [1975] detected a significant line of 1.44 years in aa index. A peak of 1.4 years was also found in the power spectrum of the auroral occurrence frequency [Silverman and Shapiro, 1983] .
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The geomagnetic QBO presents multiple peaks of periodicity and specific local time behavior. Besides the earlier detected geomagnetic fluctuations of 26-27 months (~2.2 years [e.g., Stacey and Westcott, 1962] ), a number of lines between 2 and 3 years were identified by using maximum entropy spectral analysis on the annual means series from 49 observatories [Currie, 1973] . Kane [1997] conducted spectral analysis on aa index over 1868-1994, showing several peaks within the range 2-4 years (2. 00, 2.15, 2.40, 2.70, 3.20, and 3.40 years) . Rangarajan [1985] proceeded to analyze the QBO in the Indian zone. He found local time dependence in the disturbance field, being stronger in the evening hours and weaker at noon. Apostolov and Letfus [1988] pointed out other characteristics of the geomagnetic QBO in the aa index, which has a basic period of 25.6 months (~2.13 years), and a longer-term modulation of 22 years, with a time varying amplitude and a delayed phase compared to the solar cycle.
Already in early studies, The QBO signals were considered to be related to solar variations. For example, Yacob and Bhargava [1968] found a similar 26 month oscillation in both the equatorial geomagnetic data and the relative sunspot number. Through comparisons to sunspot number and F 10.7 solar flux, Sugiura [1976] suggested the QBO in the geomagnetic field is produced by the Sun. Sugiura and Poros [1977] reported a time delay between the QBO in the Dst index and that in the sunspot number. They pointed that the observed QBO may be caused by solar modulation of the rate of the plasma injection into the magnetosphere. Today, studies of the QBO phenomenon in solar activity and the related interplanetary parameters are well developed [e.g., Howe et al., 2000; Mursula and Vilppola, 2004; Bazilevskaya et al., 2014 Bazilevskaya et al., , 2016 Kudela et al., 2002; Laurenza et al., 2009] .
The QBO in geomagnetic activity has been associated with the QBO of the solar wind parameters and solar heliosphere magnetic field in many recent studies. Paularena et al. [1995] report similar periodicity at 1.3 years in Ap index and solar wind speed. Kane [1997] found a good match between the QBO in aa variations and similar variations in solar wind. Kane [2005] examined the QBO in solar, interplanetary, and terrestrial parameters. Their features, e.g., peak of period, occurrence time, and spectral structure, were compared and discussed. Mursula and Zieger [2000] studied a 1.3 year variation in solar wind speed at 1 AU, and its relation to the same periodicity observed in geomagnetic activity and aurorae occurrence. They found a shorter period of variation (~1.3 years) occurring during even solar cycles, while there was a longer periodicity (1.5-1.7 years) during odd cycles. These QBO signals have been attributed to the evolution of coronal holes and solar dynamo strength Mursula and Vilppola, 2004] . The intermittent appearance and the coupling from the Sun to the Earth of the QBO at 1.3 years has also been discussed [Ruzmaikin et al., 2008] . The intermittent periodicities of QBO have also been observed and verified by the use of wavelet analysis on various solar wind parameters and geomagnetic indices [Katsavrias et al., 2012] .
Although the main characteristics of the geomagnetic QBO, including its multiple periodicities and local time preferences, have already been revealed, a systematical analysis and comparisons among different quasi-biennial periods as a function of location, as well as a discussion in the context of ground observatory data used in internal geomagnetic field modeling, have been lacking.
An improved characterization and understanding of the geomagnetic QBO is now a pressing issue for scientists studying the internal geomagnetic field and variations of the underlying dynamo process in the Earth's core. Studies of core field secular variation are increasingly focused on subdecadal timescales thanks to the availability of high-quality magnetic satellite data in recent years, especially from the CHAMP and Swarm missions [e.g., Lesur et al., 2008; Olsen et al., 2015] . Two phenomena of primary interest are a 6 year oscillation thought to be related to torsional Alfven waves within the core [Gillet et al., 2010] and geomagnetic jerks. The latter are abrupt changes in the second time derivative (secular acceleration) of the field that occur on a timescale of 1-2 years or less. In era of satellite observations, geomagnetic core field models are able to resolve internal signals with short timescales, especially at middle and low latitudes, but it is still difficult to completely separate out all external field effects [Langel et al., 1980; Finlay et al., 2016] . For example, a global quasi-biennial fluctuation was identified in a geomagnetic core field model [Silva et al., 2012] . Silva et al. found a sharp peak at approximately 2.5 years in the power spectrum of the global secular acceleration (SA) in the radial component (B r ), predicted by the CHAOS-3 model over 1997-2010. This fluctuation was found to be due to an oscillation of the axially dipolar part of the SA. This may be a signature of an external signal remaining in the core field, although an internal origin could not be ruled out. An improved characterization of the geomagnetic QBO, and a better understanding of its generating mechanism, would be of great help to internal field modelers in their efforts to isolate the core field signal, for example, through the development of improved data selection criteria.
The modern global network of geomagnetic ground-based observatories, with high-quality data available from the Word Data Centers (WDC), provides the opportunity to carry out a new characterization of the geomagnetic QBO including its variations with geomagnetic latitude and local time.
Advantage can now also be taken of the ready access to a large number of solar wind parameters and geomagnetic activity indices, enabling tests to be carried out regarding possible underlying mechanism of the geomagnetic QBO signals. In this paper, we investigate the QBOs in the observatory monthly means of the X, Y, and Z components of the geomagnetic field spanning 1985-2010. Fast Fourier transform (FFT) analysis and wavelet analysis are used to detect and identify the QBO. We then carry out spherical harmonic analysis of the amplitude of the QBO, in order to verify that it is indeed primarily due to external sources. The data sets and basic results are introduced in section 2 where the amplitude distribution of the geomagnetic QBO as a function of geomagnetic latitude and local time are reported. In section 3 we discuss the possible sources of the QBO signals. Section 4 provides conclusions and a discussion of the implications of our findings.
Data Analysis and Results

Data
We employ the observatory hourly means database from the World Data Center for Geomagnetism, Edinburgh (WDC). The geographical sites of the observatories are plotted in Figure 1 . In this paper, the X, Y, and Z components are defined as the north, east, and down components in the geodetic system of coordinates. Following the strategy of Chulliat and Telali [2007] , we diagnose discontinuities (baseline jumps) in geomagnetic time series and correct clear baseline changes [Ou et al., 2015] . We calculate the monthly means from the hourly values, in order to reduce the very high-frequency signals. To filter out the long-term variation trend in the geomagnetic field, we take annual differences of monthly means twice to obtain the discrete estimations of second-order time derivatives time series. For the monthly means magnetic component B, the first-order time derivatives estimated at the center epoch t are defined asḂ t ¼ B tþ6 À B tÀ6 , then the estimations of second-order time derivatives at the center epoch t are expressed as
Finally, the geomagnetic data series from 76 observatories are obtained during the period from 1985 to 2010. Figure 2 demonstrates the estimation of second-order time series of the X, Y, and Z components (i.e., € X, € Y , and € Z) at Newport (NEW, 242.88°E/48.27°N) observatory, and their accompanying wavelet spectra. For the geomagnetic time series, it clearly illustrates the presence of persistent quasi-biennial oscillations in all field components. The amplitude of the oscillations in € X and € Z are stronger compared to those in € Y . The peak-to-peak amplitude of € X and € Z varies approximately from 10 to 20 nT/yr 2 as a function of time. At this latitude it also seems as if the oscillations in € X and € Z are anticorrelated. There are considerable variations in the period of the oscillation from about 1 to 3 years over the entire time interval.
In the wavelet amplitude spectrum of € X , where the Morlet wavelet is used, the QBO periodicity is found to vary between 1 and 3 years but is persistently present between 1988 and 2008. Before 1988, interannual variations are obvious at periods of 1.5-2 years and 3.0-4.0 years. From 1988 to 1995 the QBO signals shows broadband periodicities at 1.0-3.5 years, with maximum amplitude at~2.2 years. After 1995 there are two recognizable periods of oscillation in the spectrum. We noted that a new digital recording system began In € Y, it shows a persistent periodicity at~1.7 years over 1988-2008, and another also at 2.9 years from 1985 to 1998. The averaged amplitude of these oscillations is approximately half of that seen in € X . The wavelet amplitude spectrum of € Z presents an analogous pattern, i.e., similar in periodicity and equivalent amplitude to that of € X from 1985 to 1995. From 1995 onward, the spectrum of € Z exhibits a distinct period of oscillation at~2.0-2.5 years, with increasing amplitude and a maximum at about 2.2 years.
The wavelet spectra of the geomagnetic changes at Newport observatory indicates the persistent presence of the quasi-biennial oscillations at 1-3 years over 1988-2008. Both amplitude and period change as a function of time. It also indicates that the QBO with higher amplitude occurs during the declining phase of the solar cycles. The example displayed in Figure 2 illustrates the general characteristics of the QBO in the geomagnetic field, although the wavelet spectrum does show variations in its amplitude distribution in other observatories and other magnetic field components (not shown in this paper due to limitations of space).
FFT Analysis
To quantify the time-averaged period and amplitude of the QBO in the geomagnetic field between 1988 and 2008, we carried out a fast Fourier transform (FFT) analysis on the observatory monthly means data. In Figure 3 we present the FFT amplitude spectra truncated at a period of 1 year. The grey thin line is the individual spectrum of each observatory, with the black and blue curves being the mean and median values calculated from the individual spectral lines. In € X , there are five salient peaks at periods of 1.3, 1.7, 2.2, 2.9, and 5.0 years corresponding to the period range of the QBO. The peak at 2.2 years shows the largest amplitude of~8 nT/yr 2 for the individual spectral lines. The amplitude spectrum of € Z has similar structure to that of € X . In detail, the periodicity of 2.2 years of € Z exhibits a larger maximum amplitude (~9 nT/yr 2 ), compared to that of € X. The amplitude of the oscillation over periods of 1-10 years is generally smaller in € Y than in € X and € Z. The spectral structures of € Y are less consistent among the observatories. The five peaks at periods of 1.3, 1.7, 2.2, 2.9, and 5.0 years, which are pronounced in the spectra of € X and € Z, are vaguer in € Y but still recognizable in the mean spectral line. The maximum amplitude appears at a period of 2.2 years.
Considering the possible origin of the geomagnetic QBO in external field variations, the amplitude spectra of the FFT is tested using various selection criteria for the daily mean data. Figure 4 presents the mean spectra of Z is much stronger than that in € Y . The quasi-biennial oscillation in the geomagnetic field is thus certainly closely connected to the amplitude of external geomagnetic disturbances.
Spatial and Local Time Dependence of the QBO
We use the spectral amplitude of the 2.2 year oscillation based on the FFT analysis to represent the amplitude of the geomagnetic QBO for further analysis. In Figure 5 , the QBO amplitude at an observatory site (grey dot) is plotted against geomagnetic latitude (the abscissa is the absolute value of latitude, which increases from left to right). To highlight the trend of the amplitude-latitude variation, averaged amplitudes in latitudinal bines of 5°( beginning from 15°geomagnetic latitude) are plotted (black dots line). The amplitude distribution in € X displays an almost linear descending trend toward higher latitudes (~60°). A maximum is seen around the latitudes of 65°-75°, which corresponds to the auroral region. In € Y the amplitude is rather constant in from the equator to middle latitudes, increases slowly at 40°, and maximizes at~75°. Contrary to the trends shown in € X , the amplitude in € Z increases from the equator toward high latitudes with a sharper slope at 60°, reaches a maximum value of 10 nT/yr 2 at~75°, and dropping to 5 nT/yr 2 in the polar cap regions. It is noted that the amplitude variation at high latitudes (poleward of 60°) behaves differently from the linear-like trend shown at low-to-middle latitudes in all components.
The characteristics of multiple peaks in the QBO range (i.e., 1.3, 1.7, 2.2, 2.9, and 5.0 years) are compared in Figure 6 . In each panel, the colored dotted lines illustrate the latitudinal distributions of FFT spectral amplitude of different QBO peaks. The dots in every line represent the averaged amplitudes over the latitude in bins of width 5°(starting from 15°). It indicates that the trends of the latitudinal variations for different periodic peaks are similar. In every field component the amplitude of the 2.2 year peak is stronger.
In Figure 7 the pie charts illustrate the local time distributions of the QBO amplitude. The averaged amplitude in different field components (from top to bottom panel) are plotted within different geomagnetic latitude ranges (from the left to right column). In each panel, the local time sectors are divided into 2 h bins and distributed in a clockwise sequence, beginning at 00:00 from the bottom of the pie. The pies in yellow, blue, and white colors represent the data selected from international geomagnetically quiet days, all days, and disturbed days, respectively. In each sector, the amplitude of individual observatories has been quantified by FFT analysis based on the data from the corresponding local time sector. The radius of the pie slice shows the averaged 2.2 year spectral amplitude On quiet days, the amplitude distribution of the QBO depends little on local time for all any latitudes and in all field components. On all days and disturbed days, the pie slice of € X and € Z at high latitudes (from 50°to 90°) demonstrates a striking local time dependence in the QBO distribution. The amplitudes in € X and € Z are relatively larger in the time sector of 22:00-00:00 and 06:00-08:00, and largest during 00:00-06:00. In € X the amplitudes during 14:00-18:00 are also relatively larger. In € Y the size of the pie slice is smaller than that in € X and € Z . The amplitude is locally smaller during 04:00-08:00 and 12:00-18:00.
At middle latitudes (from 20°to 50°) the amplitudes of QBO in € X and € Z are similar, while the amplitude in € Y is smaller. In € X and € Y the radii of the pie slices are nearly invariant with local time, while in € Z the radii in the sector of 14:00-22:00 are larger. This pattern of local time dependence in € Z is obvious on all days and on disturbed days. At low latitudes (from 0°to 20°) the QBO is found to be strongest in € X and weakest in € Y. The radii of the pie slices for each field component are similar in all local time sectors on quiet days and considering all days. On disturbed days, the QBO in € X shows slightly larger amplitude during 18:00-24:00. It is also shown that the amplitude in € Z is locally larger during 20:00-22:00. (Figures 7a, 7d , and 7g), middle (Figures 7b, 7e , and 7h), and high latitudes (Figures 7c, 7f, and 7i) ). The amplitude is represented by the radius of the pie slice. In every panel, the pie slices are plotted with the data on international geomagnetically disturbed days (yellow), all days (blue), and international geomagnetically quiet days. (Figure 8 ), the maximum amplitude in € X is located around 60°-75°and centered at 65°-70°. In € Z the amplitude is basically the same at the latitudes poleward of 70°. On disturbed days (Figure 9 ), the maximum region of QBO in € X spreads down to 50°and is centered at 65°. In € Z a much stronger maximum of amplitude is shifted to be centered at 65°, compared to that on quiet days.
The 2.2 year oscillation, which is the dominant signal in the geomagnetic QBO, clearly depends on geomagnetic latitude and local time, particularly on international geomagnetically disturbed days. The QBO in € X is strongest at the equator and attenuates towards high latitudes, while the QBO in € Z shows an opposite trend. A local maximum of amplitude is found at the auroral zones in € X and at the polar regions in € Z . In € Y the QBO enhances from midlatitudes to the polar regions. The local time dependence of the 2.2 year signal is most prominent at high latitudes. The amplitudes of € X and € Z are relatively larger in the dawn sector.
Possible Sources of the QBO
From previous studies and the above analysis, the quasi-biennial oscillations of the geomagnetic field are clearly related to solar activity and solardriven geomagnetic disturbances. In order to analyze the relative amplitude of internal and external contributions to the geomagnetic QBO, we applied spherical harmonic analysis (SHA) model to the amplitude of the 2.2 year variation in the geomagnetic observatory data.In this analysis, the QBO amplitude is presumed to be adequately expressed by the spherical harmonic expansion [e.g., Gauss, 1839; Malin and Hodder, 1982] QBOS IN THE GEOMAGNETIC FIELD where {A X , A Y , A Z } are the amplitudes of the 2.2 year signal in € X , € Y , and € Z , respectively; a = 6371.2 the mean spherical radius of the Earth; {λ, θ, r} the longitude, colatitude, and radius in the geographic (geocentric) coordinate system; g m n ; h m n È É Gauss coefficients of the internal field; j m n ; k m n È É Gauss coefficients of the external field; and P m n cosθ ð Þ the associated (Schmidt seminormalized) Legendre functions. The superscripts i and e represent the internal and external parts, respectively.
Note that the input amplitude of the 2.2 year signal should not be in the form of an absolute value, if the phases of the oscillations at different observatory sites are to be considered. From the FFT analysis, the phase of the 2.2 year periodicity is mostly around 60°in € X . The 2.2 year signal in the Southern Hemisphere has approximately the same phase in € Z and € X , while in the Northern Hemisphere the phase at a large number of observatories is around À120°in € Z . This implies that in € Z the 2.2 year signal is anticorrelated between two hemispheres. To take into account the phase information, the input amplitude of QBO in SH model has been normalized as A 0 = A • cos(P À 60°), where A 0 is the revised amplitude at the period of 2.2 years and P is the phase of the 2.2 year signal calculated by the FFT analysis. Estimation of the model coefficients g m n ; h m n ; j m n ; k m n È É is treated as a linear problem
where A is the vector of input amplitude data, B the interaction matrix, and X the vector of model coefficients.
We use an iteratively reweighted least squares approach, minimizing the chi-square misfit χ 2 = e T W À1 e, where the residual vector e = A À A mod is the difference between the input amplitude vector A and the model prediction vector A mod . We implemented a weight matrix W containing Huber weights, for the purpose of reducing the effect of outliers in the observed data. [see, e.g., Olsen et al., 2006] . The Huber weights are used in the diagonal component w ii of the weight matrix W À1 ,
with c = 1.5, ε i = (A obs , i À A mod , i )/σ, and σ the standard deviation of data errors. Therefore, the estimation of Gauss coefficients can be written as
The model truncation in this analysis is mainly limited by the number of observations and the spatial distribution of the observatory sites (a truncation of degree N will yield 2N(N + 2) coefficients, while only 76 observatory data are used in this paper). We tested model truncations from degree 3 to 5 and found that the truncated degree of 4 (N = 4) for both internal and external part gives a good compromise between quality of internal/external separation and robustness of model estimation. are larger. This suggests that SH model is able to recover the large length scale features of the QBO signals but that local patterns (e.g., maximum at auroral zones in the X component) are underestimated.
The obtained Gauss coefficients are presented in the diagrams in Figure 11 . There is no doubt that the geomagnetic quasi-biennial oscillation is substantially of external origin. The mean square value [Lowes, 2007] of the external coefficients is~7 times that of the internal ones. The largest energy is contained in j 0 1 (with absolute magnitude of 6 nT/yr 2 ). This indicates that the dipole external field contributes the predominant part of the global QBO signals. External contributions of higher degree (~1 nT/yr 2 ), such as j 1 2 , j 2 2 , and k 2 3 , correspond to other more localized contributions at different latitudes. There is no prominent value of magnitude (>1 nT/yr 2 ) shown among the internal coefficients. The coefficients of degrees 2 and 3 in both internal and external parts share overall a similar contribution. The QBO amplitudes at degree 4 are relatively weaker than those at lower degrees.
To investigate the correlation between the geomagnetic QBO and the interannual variations in solar activity, solar wind, and geomagnetic activity, we next compared the FFT amplitude mean spectral line in € X (black thick lines in Figure 3 ) with the spectral lines of various parameters. We examined the second-order time derivatives of monthly means time series of these parameters, including the Zurich relative sunspot number (R z ), F 10.7 solar radio flux (F 10.7 ), proton density in solar wind (n), solar wind speed (v), solar wind dynamic pressure (P), interplanetary magnetic field of Z component in the GSE coordinate system (IMF B z ), Dst index (Dst), and AE index (AE). The data of solar wind parameters at 1 AU and the interplanetary parameters are obtained from the OMNI database of National Space Science Data Center (NSSDC). Figure 12 shows the FFT amplitude spectral lines for various parameters of solar activity, solar wind at 1 AU, and the geomagnetic activity, within the same period range shown in Figure 3 , respectively. The mean spectral line of € X is also shown in Figure 3a . Salient peaks at the periods of 1.7, 2.2, and 2.9 years are distinctly present in the spectra of € P, € v , € Dst, and € AE , respectively. An additional peak at 1.3 years is recognizable for € v . The multiple-peak spectral structure, with the highest peak at the period of 2.2 years, is also seen in the amplitude spectrum of the geomagnetic field. For € R Z and € F 10:7 , only one peak at the period of 2.2 years stands out in their spectra. For € n and € B Z , their amplitude spectra differ significantly from those in the geomagnetic field components.
To further investigate the relation between the geomagnetic QBOs and the QBOs in the solar wind, Figure 13 illustrates the latitudinal distribution of correlation coefficients between the monthly means of the geomagnetic field components € X, € Y, and € Z (from top to bottom) and solar wind dynamic pressure € P. Because the QBO shows strong local time dependence at high latitudes (see Figure 7) , the geomagnetic response to the same solar wind condition may differently depending on the local time [e.g., Akasofu, 1981; Fejer and Scherliess, 1995; Lyon, 2000] . Therefore, only the geomagnetic data within LT 02:00-04:00 are considered in this analysis. A 1-3 years band-pass filter is applied on every time series. In each panel, solid circles represent the observatories from the Northern Hemisphere, while hollow circles represent the ones from the Southern Hemisphere. For € X the correlation coefficients are overall better than ±0.5. The signs of the correlation coefficients above the latitude~70°are opposite to those at lower latitudes. For € Z the QBO signals were also shown to have good correlation (better than ±0.5) with € P . The correlation coefficients at the latitudes poleward of 65°are better than those equatorward of 55°. Within the latitudes of 55°-65°the geomagnetic variations at quasi-biennial periods are found to be less correlated to those in € P . Figure 14 shows the latitudinal distribution of correlation coefficients between the monthly means of the geomagnetic field components € X , € Y , € Z (from top to bottom) and solar wind speed € v. For € X the correlation maximizes around 65°-70°geomagnetic latitude. The latitudinal distributions of the correlation coefficients are similarly shown in Figures 13 and 14 . For both € X and € Z, the correlations with € P are a little higher than those with € v at low-to-middle latitudes, while at high latitudes the correlations with € v seem slightly higher.
From the results of the spherical harmonic analysis, the quasi-biennial oscillation of the geomagnetic field is confirmed to be primarily of external origin. Through the comparisons of the FFT amplitude spectrum, the geomagnetic QBO bears a strong relation with the variation of solar wind speed and solar wind dynamic pressure at 1 AU.
Conclusion and Discussion
We have investigated in detail the geomagnetic quasi-biennial oscillations (QBOs) by examining the second-order time derivatives derived from monthly means of the X, Y, and Z field components from the global network of ground-based observatories between 1985 and 2010. Five salient periods respectively at 1.3, 1.7, 2.2, 2.9, and 5.0 years have been identified in the resulting amplitude spectra. The oscillation at 2.2 years is found to be the most prominent in all field components. The amplitude of the QBO in € X decreases from the equator to high latitudes then shows a maximum in the auroral zones. The QBO in € Z increases from low latitudes toward the polar regions. The QBO signals at high latitudes (poleward of 50°) seen in € X and € Z are both stronger for postmidnight local times in the morning sector (LT 00:00-06:00). The characteristics of the multiple peaks in the QBO range are found to be similar in latitudinal and local time distributions, suggesting that these oscillations are derived from a common source. The higher amplitude on disturbed days, the As shown in Figure 3 , geomagnetic QBOs are observed at 1.3, 1.7, 2.2, and 2.9 years in the FFT amplitude spectra.
The dominant periodicity at 2.2 years (~26.4 months) was found in previous studies of the geomagnetic field [e.g., Stacey and Westcott, 1962; Apostolov and Letfus, 1988 ] and the Sun [Bazilevskaya et al., 2014] . The periods at 1.3 and 1.7 years were often discussed in solar activity, solar wind, and geomagnetic activity [e.g., Kane, 1997; Mursula and Zieger, 2000; Kudela et al., 2002; Laurenza et al., 2009] . The 2.9 year oscillation was reported but less clearly isolated in previous spectral analysis of geomagnetic field [e.g., Currie, 1973] . In the present paper, the features of the QBO at multiple periods and their latitudinal and local time variations (see Figures 6, 8, and 9) suggest that these oscillations are derived from a common source. In addition, the 1.3 year oscillations are seen more strongly during 1985-1990, and the 1.7 year signals are more clearly observed during 1990-2000 in the wavelet spectra ( Figure 2 ). This spectral structure is consistent with the relative wavelet spectral structure of solar wind speed shown by Mursula and Zieger [2000] (see the top panel of Figure 2 in their paper). As demonstrated in Figures 13 and 14 , the correlation coefficients between the geomagnetic field and solar wind parameters are generally higher than ±0.5 (within 15°-70°geomagnetic latitude) in the X and Z components. This further suggests that the geomagnetic QBO signals are primarily derived from the current systems controlled by the solar wind-magnetosphere-ionosphere coupling processes [e.g., Lockwood et al., 1999; Stamper et al., 1999; Richardson et al., 2000] .
As seen in Figure 5a , the QBO at low-to-middle latitudes (equatorward of 50°) is primarily strong in € X . The amplitude in € X decreases from the equator toward subauroral latitudes (Figure 5a ). The amplitudes of the QBO in € X at low-to-middle latitudes are approximately uniform in their local time distribution (see Figure 7) . These features of the geomagnetic QBO at low-to-middle latitudes are coincident with the magnetic variations generated by the symmetric ring current system, which is seen mainly during the recovery phase of geomagnetic storms and quiet days [Jordanova et al., 2003; Le et al., 2004; Zhao et al., 2013] . At lowto-middle latitudes, the higher correlations with € P (see Figures 13a and 13c ), compared to those with € v (Figures 14a and 14c) , may imply that the QBO signals here are more sensitive to solar wind dynamic pressure than solar wind speed [Araki and Shinbori, 2016] . Due to the limitations of the observatory distribution, we see no clear signature of equatorial electrojet seen around the equator. The QBO at low-to-middle latitudes QBOS IN THE GEOMAGNETIC FIELD displays little local time dependence on disturbed days, implying that the signatures originating from ionospheric Sq current system [Xu and Kamide, 2004; Stening, 2008] do not dominate.
The latitudinal variation of the QBO in € X clearly shows a maximum around 65°-75°(see Figure 5a ), which corresponds to the average location of the auroral electrojets [e.g., Kamide and Kokubun, 1996] . Particularly on quiet days, the maximum amplitude of QBO in € X is located within 60°-75°and centered at~70°(see Figure 8a ). On disturbed days, the maximum region spreads down to 50°and is centered at 65°geomagnetic latitude (Figure 9a ). The changes of the maximum region of the geomagnetic QBO coincide with the behaviors of westward auroral electrojets (WEJ) and eastward auroral electrojets (EEJ) under different geomagnetically disturbed conditions [Ahn et al., 1984 [Ahn et al., , 1989 . As further demonstrated in Figures 13a and 14a , the signs of the correlation coefficients poleward of~70°are opposite to those at lower latitudes. This feature may be explained by magnetic variations controlled by WEJ and EEJ being in antiphase in the X component at the auroural zones. Because the estimations of second-order time derivatives are used, the sign of the correlation is unable to distinguish between the directions of WEJ and EEJ. Moreover, in the auroral zones (60°-70°) in € X (Figure 13a ), the correlations coefficients with € v are found to be highest. At high latitudes (poleward of 65°) in € Z (Figure 13c ), the correlations with € v are relatively higher rather than those with € P (Figure 14c ). This suggests a closer relationship between the QBO at high latitudes, the auroural electrojets, and solar wind speed [e.g., Mursula et al., 2003; Svalgaard and Cliver, 2007; Lukianova et al., 2012; Holappa et al., 2014] . The QBO at high latitudes (poleward of 50°) are found to be enhanced for postmidnight local times in the morning sector (LT 00:00-06:00), especially on disturbed days. Both the latitudinal and local time variations of QBO in the auroral zones correspond to the features of the enhanced WEJ and EEJ in the postmidnight sector during substorms [Kamide and Kokubun, 1996; Ahn et al., 1984; Xu et al., 2008] . As coupling parameters based on the solar wind speed, rather than other parameters in magnetospheric activity, have been shown a much better predictor of onset probability of substorms [Newell et al., 2016] , it seems likely that the QBO at high latitudes are mainly controlled by the variations of auroral electrojets.
Both the latitudinal (Figure 5b ) and local time (Figures 7d-7f ) distributions show that the QBO in € Y has much smaller amplitude than that in € X and € Z, especially at low-to-middle latitudes. This suggests that the geomagnetic QBO seem to have little direct connection with the field-aligned currents [e.g., Iijima, 2000] .
The spherical harmonic analysis on the QBO amplitude confirms the fact that the geomagnetic QBO is primarily of external origin. The energy contributions described by the SH model in our paper maybe imperfect, due to the uneven distribution of the observatory sites [Olsen et al., 2010] and the limited number of available sites. The model coefficients are, however, verified to be robust through the tests using a range of truncation levels. The contribution from the internal field may be, at least partly, due to induced effects. Note that the energy ratio of external part to internal part in the SH analysis is larger than in previous studies on the induced field of the geomagnetic activities, such as Sq currents and magnetic storms [e.g., Chapman and Bartels, 1940] . This may be due to a deeper penetration of the induced currents inside the Earth for the external quasi-biennial disturbances. Another possibility that the internal part of the QBO in part results from the Earth's dynamo process cannot be ruled out, because similar periodicities (e.g., geomagnetic jerk occurring in 1-2 years, with the amplitude of several to tens of nT/yr 2 [Mandea et al., 2010] ) derived from geodynamo are observed at the Earth's surface. A combined analysis together with ground-based observations and satellite measurements is needed to better separate the internal and external sources of QBO.
The QBO signal seen in some internal field models may possibly be partly due to the leakages of the external disturbance, which now requires close examination. A model to describe the QBO is clearly needed, so as to better isolate the external field from the geomagnetic observations. Data selections and external field modeling strategies adopted by internal field modelers will also need to be reexamined.
